The Ge light-emitting diode with ϳ1.8 m strong infrared emission is demonstrated using a metal-insulator-semiconductor tunneling structure. The intensity of a Ge device is one order of magnitude stronger than a similar Si device. At the positive gate bias, the holes in the Al gate electrode tunnel to the n-type Ge through the ultrathin oxide and recombine radiatively with electrons. An electron-hole-plasma model can be used to fit all the emission spectra from room temperature down to 65 K. From the measurement temperature range, the extracted band gap is ϳ40 meV lower than the reported band gap data, and the linewidth drops from 70 to 25 meV. The longitudinal acoustic phonon ͑ϳ28 meV͒ and/or the band gap renormalization at high carrier density are proposed to be responsible for the reduction of photon energy. The band gap reduction on the mechanically strained n-type Ge and Si is also investigated experimentally and theoretically.
The Ge light-emitting diode with ϳ1.8 m strong infrared emission is demonstrated using a metal-insulator-semiconductor tunneling structure. The intensity of a Ge device is one order of magnitude stronger than a similar Si device. At the positive gate bias, the holes in the Al gate electrode tunnel to the n-type Ge through the ultrathin oxide and recombine radiatively with electrons. An electron-hole-plasma model can be used to fit all the emission spectra from room temperature down to 65 K. From the measurement temperature range, the extracted band gap is ϳ40 meV lower than the reported band gap data, and the linewidth drops from 70 to 25 meV. The longitudinal acoustic phonon ͑ϳ28 meV͒ and/or the band gap renormalization at high carrier density are proposed to be responsible for the reduction of photon energy. The band gap reduction on the mechanically strained n-type Ge and Si is also investigated experimentally and theoretically. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2420783͔ Much effort has been devoted in seeking the possibilities of light emission using indirect band gap materials 1-4 for both scientific interest and optoelectronic applications. The 1.1 m infrared emission from Si using the metal-insulatorsemiconductor ͑MIS͒ tunneling structure was demonstrated in the past.
5 By the Ge incorporation, the emission wavelength can be further tuned. The infrared emissions of ϳ1.3, ϳ1.5, 6 and ϳ2 m 7 wavelengths from Si 0.8 Ge 0.2 quantum well, Si 0.45 Ge 0.55 quantum dot, and Si/ SiGe heterojunction, respectively, were also reported using a similar MIS tunneling structure. Due to the high carrier mobility, strong photon absorption, 8 and possible integration with Si, the light emission from Ge is of great interest for scientific research and practical applications. In this letter, the 1.8 m infrared emission from Ge MIS tunneling diode with the effects of temperature and strain is investigated. As compared with the similar Si device, the infrared emission of Ge device is much stronger ͑approximately ten times higher͒. The strain effect on Ge band gap reduction is less severe than that of Si and is consistent with the theoretical calculation.
The 2 nm oxide used in the MIS tunneling diode is grown by liquid phase deposition ͑LPD͒ at 50°C on n-type Ge ͑100͒ wafer. 9 The resistivity of the 100 mm Ge wafer is in the range of 0.04-0.4 ⍀ cm. Before oxide deposition, the sample was cleaned by a HF dip. The thickness is measured by an ellipsometer. The MIS tunneling diode has Al gate electrodes with the circular area defined by the shadow mask.
The other Al contact is on the back of the wafer. The experimental setup for measuring the electroluminescence ͑EL͒ spectra and Raman spectra, and the mechanism to apply external mechanical strain are similar to the methods used in Refs. 10 and 11. Figure 1 shows the typical I-V curve of a Ge MIS tunneling diode. When the Al gate is at negative gate bias, the current is mainly controlled by the thermally generated holes. 12 For the positive bias, the holes in the Al gate electrode tunnel into the Ge, besides the electron tunneling from the Ge to the Al gate electrode. As a result, a significant tunneling current was observed at the positive gate bias. Meanwhile, the positive gate bias also attracts electrons in the Ge/oxide interface to form an accumulation layer. The momentum spread due to the localized electrons in the accumulation layer, phonons, and the Ge/oxide interface rougha͒ Author to whom corresponding should be addressed; electronic mail: chee@cc.ee.ntu.tw ness can provide the necessary momentum during the electron-hole radiative recombination. 5 The luminescence was collected when the tunneling holes from Al gate electrode to Ge radiatively recombine with the electrons in the accumulation region of Ge. The band diagram of the Ge MIS light emitting diode ͑LED͒ at the positive gate bias is shown as the inset of Fig. 1 for reference. For the MIS tunneling diode with a positive gate bias, intensive infrared ͑Fig. 2͒ is emitted with a peak around 1.8 m ͑0.7 eV͒. In order to compare the external quantum efficiency between Ge and Si MIS LEDS, two kinds of MIS tunneling diodes were fabricated by the same process, gate electrode, and LPD oxide thickness ͑ϳ2 nm͒ which is controlled by the deposition time. The optical power from Si MIS LED and Ge MIS LED can be detected by two different commercial InGaAs p-i-n diodes. The spectral range of InGaAs detectors covers from 0.95 to 1.6 m ͑with the responsivity of 0.65 A / W at 1.1 m͒ and from 1.2 to 2 m ͑with the responsivity of 1.1 A / W at 1.8 m͒ for Si and Ge MIS LED measurements, respectively. The resulting current was read by Keithley 485 picoammeter. Under the injection current of 100 mA, the external quantum efficiency for ϳ1.8 m light emission from the Ge MIS LED is observed asϳ 5 ϫ 10 −5 at room temperature, about one order of magnitude higher than Si MIS LED at the same measurement condition. It may be due to the higher radiative recombination coefficient of Ge ͑6.4 ϫ 10 −14 cm 3 s −1 for Ge and 1.1ϫ 10 −14 cm 3 s −1 for Si͒ ͑Ref. 13͒ and the slightly smaller wave vector k needed to conserve momentum in Ge. However, the clear origin is still unknown and worthy of investigation. Note that in our quantum efficiency measurement, we cannot collect all the light from the device, and only the scattered light from the periphery of the gate area was detected. Therefore, the number presented here is a lower bound of the true quantum efficiency. The feature of the emission line shape is the asymmetrical broadening, where the high energy part is broader than the low-energy part. This is very similar to the line shape of the electron-hole-plasma ͑EHP͒ recombination in Si. 5 To confirm this observation, the line shape of EL spectra ͑Fig. 2͒ is fitted by the EHP recombination model using the following expression:
where D e and D h are the densities of states of electrons and holes, respectively, F e and F h are the respective quasi-Fermi energies, h is the energy of photon emitted, T is the measurement temperature, E g,EL is the band gap of Ge obtained by the EL measurement, and f are the Fermi-Dirac distribution. The fitting parameters used in this work are also listed in Fig. 2 . The carrier density estimated from the quasi-Fermi energy at 65 K is about 8 ϫ 10 17 cm −3 . According to the Mott transition, excitons will dissociate into electron-hole plasma at a high carrier density. The extracted band gaps from the EL spectra from Ge MIS tunneling diode are ϳ40 meV lower than the Ge band gap obtained from Varshni's equation 14 for the measurement temperatures ͑Fig. 3͒, while the photon energy reduction in Si MIS tunneling diode is observed to be ϳ80 meV. 15 The phonon replicas can be involved in the momentum conservation of the radiative recombination and should be responsible for the photon energy reduction. In Ge, the longitudinal acoustic ͑LA͒ phonons ͑ ϳ28 meV͒ are strongest and prominent, while the transverse optical phonons ͑ϳ58 meV͒ are favored in Si. 16 On the other hand, the high carrier concentration of ϳ8 ϫ 10 17 cm −3 causes further energy reduction ofϳ 7 meV for Ge devices, based on the band gap renormalization model calculation. 17 The rest of band gap lowering ͑ϳ5 meV͒ maybe due to the surface bending 15 or extraction errors. The band gap renormalization of Ge is less serve than that of Si. [17] [18] [19] The linewidth ͑full width at half maximum͒ of the EL spectra decreases from 70 to 25 meV when the temperature decreases from room temperature to 65 K ͑Fig. 3͒. The carrier filling closer to the conduction-band and valence-band edges at lower temperature is responsible for the decrease in linewidth. Figure 4 shows the EL spectra at 65 K from the unstrained and strained Ge MIS LEDs. The magnitude of strain is measured by Raman spectroscopy. Raman spectra were excited by an Ar laser ͑wavelength of 514 nm͒ and the Raman shifts of 0.91 and 1.32 cm −1 under uniaxial and biaxial tensile strains, respectively, were extracted from the curve fitting using a Lorentzian profile. 11 Using the Raman shift of the Ge-Ge phonon peak and phenomenological potentials, the strains in Ge are estimated to be 0.32% for biaxial strain and 0.45% for uniaxial strain, 11 respectively. The redshift of the EL spectra under the external tensile strain was observed in Ge MIS LED, similar to the Si MIS LED. 10 The peak of the light emission spectra at the temperature of 65 K is reduced by 30 meV ͑69 nm͒ under the 0.32% external biaxial tensile strain. Band gap reduction as a function of external strain for Ge and Si is shown in Fig. 5 with the theoretical curves. Both Ge and Si band gaps are reduced under the tensile strain. Using the deformation potential parameter in Ref. 19 , with the formula in Ref. 20 , the theoretical values of band gap reduction ͑⌬E g ͒ of Ge ͑Si͒ due to external strain are calculated to be −80͑−105͒ meV/ % for the biaxial tensile strain and −15͑−60 meV/ % for the uniaxial tensile strain, very close to the experimental data.
In summary, we presented the EL spectra from the EHP recombination in the Ge MIS tunneling diode at different temperatures. The EL spectra can be fitted by a simple convolution of electron and hole distribution functions. The LA phonon and/or the band gap renormalization at high carrier density may be responsible for the reduction in Ge. With the external strain, the emission wavelength can be further turned. 
